Background {#Sec1}
==========

*Angiostrongylus cantonensis* (*A. cantonensis*) is a well-known food-borne causative agent of human meningoencephalitis in South-East Asia and many Pacific Islands. It is a result of human-associated spread from both its definitive host rats and intermediate hosts snails/slugs \[[@CR1]--[@CR4]\]. During the last decade, China and other countries reported several human angiostrongyliasis outbreaks, declaring it a public health problem \[[@CR3], [@CR5], [@CR6]\]. Humans and mice are nonpermissive hosts of *A. cantonensis*. They become infected by eating the intermediate hosts or vegetables contaminated by the infective third-stage larvae. The infective larvae may invade intestinal tissues and migrate to brain, causing finally mechanical and inflammatory injuries to the central nervous system (CNS) \[[@CR7]--[@CR9]\].

After being infected with *A. cantonensis*, host immune responses played an important role in resisting infection and pathogenesis \[[@CR10]\]. Depletion of CD4^+^ T cells by the monoclonal antibody impaired clearance of the worms, suggesting that CD4^+^ T cells play a protective role in *A. cantonensis* infection \[[@CR11]\]. Peripheral blood mononuclear cells in patients with eosinophilic meningitis caused by *A. cantonensis* express a higher level of Th2 cytokines (e.g., IL-5) but lower levels of Th1 cytokines (e.g., IFN-γ and IL-2). However, treatment with albendazole inhibited IL-5, but increased the IL-2, IL-10, and IFN-γ gene expressions. These suggested that immune-pathology is mainly mediated by Th2 responses, and successful treatment changed the immune response from Th2 to Th1 dominance \[[@CR12], [@CR13]\].

Previously, studies on *A. cantonensis* largely focused on brain damage. However, the peripheral immune disorders caused by *A. cantonensis* infection are limited. Increasing evidence shows that the CNS and the immune system have bidirectional interaction \[[@CR14]\]. CNS injury has profound effects on immune function. For example, patients after a stroke, traumatic brain injury, or spinal cord injury may have immune function defects including spleen and thymus atrophy, reduced peripheral blood lymphocyte counts, and impaired T cell activity \[[@CR15]--[@CR17]\]. This immunosuppression increases the risk of systemic infections such as pneumonia and urinary tract infections \[[@CR14]\]. There was a case report showing that an *A. cantonensis* patient was complicated by secondary infections with methicillin-resistant *Staphylococcus aureus*, *Clostridium difficile*, and pneumonia. Yet the reason for secondary infections was not elucidated \[[@CR18]\]. Numerous researches showed that brain injury may cause activation of hypothalamic-pituitary-adrenal (HPA) axis and induce glucocorticoid secretion \[[@CR19]--[@CR22]\]. Glucocorticoids could modulate the differentiation of B cells \[[@CR23]\] and diminish B cell lymphopoiesis \[[@CR24]\]. Glucocorticoids also induced thymic atrophy in mice infected with *Trypanosoma cruzi* \[[@CR25]\] and *Mycobacterium avium* \[[@CR26]\]. In addition, inhibiting HPA axis activation could prevent brain stroke-induced lymphocyte apoptosis, lymphopenia, and monocytic deactivation \[[@CR16]\]. As for *A. cantonensis* infection, whether the CNS injuries could cause peripheral immune disorders is not clear.

In this study, we conducted both in vitro and in vivo studies to verify whether brain injury caused by *A. cantonensis* infection down-regulated the immune function. We found that *A. cantonensis*-infected mice showed significant signs of systemic immunosuppression. This was reflected in the decreased size of the spleen and thymus accompanied by lymphopenia, the impairment of cellular and humoral immune functions. Furthermore, the reduction of B and T cells was not caused by apoptosis but by the impairment of thymocyte development and the inhibition of B cell genesis following HPA axis activation.

Methods {#Sec2}
=======

Animals and infection {#Sec3}
---------------------

Female BALB/c mice aged 6--8 weeks were purchased from the Comparative Medicine Center of Yangzhou University (China) and maintained in the Animal Center of Nanjing Medical University according to guidelines approved by the Nanjing Medical University Animal Experiment and Care Committee (Approval No. 1403008). Mice were orally infected with 20 third-stage *A. cantonensis* larvae isolated from infected snails.

qRT-PCR {#Sec4}
-------

Total RNAs were extracted from different tissues using RNA Isolation Reagent (Invitrogen, Carlsbad, CA) and reversely transcribed to produce cDNA (Fermentas, EU). Relative expression of messenger RNA (mRNA) species was determined by Real Time PCR with Faststart Universal SYBR Green PCR Master (Roche Diagnostics, USA) by ABI7300. The primer sequences were shown in Additional file [1](#MOESM1){ref-type="media"}: Table S1. Relative mRNA levels were normalized with β-actin, and results were expressed as fold amplification.

Histopathological analysis of the brain and lungs {#Sec5}
-------------------------------------------------

Mice were perfused transcardially with 0.9 % sodium chloride followed by 4 % paraformaldehyde (in 0.1 M phosphate buffer, PB, pH 7.4) after anesthetized with 2 % pentobarbital sodium. The lungs of the mice were harvested and fixed in 10 % formalin. After being embedded in paraffin, the brains and lungs were sliced into 4-μm-thick sections, stained with H&E, and examined by the microscope (ZEISS, Goettingen, Germany).

Cell isolation {#Sec6}
--------------

Heparinized tubes were used for blood collection. Single-cell suspensions from the thymus and spleen were prepared by forcing the tissues through a fine nylon mesh screen. The tibia and femur bones were used to prepare bone marrow cells. B and T cells were isolated from splenocytes by using magnetic beads following the manufacturer's instructions (MACS, Miltenyi Biotech, Germany).

Flow cytometry {#Sec7}
--------------

Cell surface markers were stained with these specific antibodies: anti-CD19-PE, anti-CD3-APC, anti-CD4-PE, anti-CD8-FITC, 7-AAD, and anti-annexin-V-FITC (eBioscience); anti-CD19-APC, anti-B220-Per-cy5.5, anti-IgM-FITC, anti-AA4.1-PE, anti-CD23-eFluor647, and anti-CD8-APC (Biolegend).

For ex vivo analysis, cells were stimulated with 25 ng/mL PMA (Sigma-Aldrich) and 1 g/mL ionomycin (Sigma-Aldrich) in the presence of 0.66 μL/mL Golgistop (BD PharMingen) for 6 h at 37 °C, 5 % CO~2~. Intracellular staining of IFN-γ and IL-4 was performed using Transcription Factor Staining Buffer Set (eBioscience). Data was collected by FACS Calibur flow cytometer (BD Biosciences) and analyzed by FlowJo software (TreeStar, Ashland, OR).

For cell quantization, blood sample (100 μL) was stained with the specific antibodies: anti-CD19-FITC, anti-CD3-APC, anti-CD4-FITC, anti-CD8-FITC, anti-CD11c-APC, anti-F4⁄80-FITC, and anti-CD11b-APC. Erythrocytes were then lysed with Cal-lyse Lysing Solution (Invitrogen). After thoroughly mixing with 100 μL of Caltag Counting Beads (Invitrogen), 10,000 beads were acquired in the FACS Calibur flow cytometer for each sample.

Proliferation assay {#Sec8}
-------------------

Splenic cells (2 × 10^5^/well) were seeded in 96-well flat-bottom tissue-culture plates and cultured for 72 h at 37 °C and 5 % CO~2~ with or without 2.0 μg/mL Concanavalin A (ConA) (Sigma-Aldrich). \[^3^H\] Thymidine (0.5 μCi, Amersham) was added at the last 18 h of the culture. Thymidine uptake was determined by liquid scintillation Counter (Beckman).

Analysis of ex vivo cytokine production {#Sec9}
---------------------------------------

Whole blood was diluted 1:5 in heparinized RPMI 1640 and incubated at 37 °C, 5 % CO~2~ \[[@CR16]\]. For the analysis of TNF-α synthesis, samples were stimulated with 100 ng/mL LPS (Sigma-Aldrich) for 4 h. To analyze IFN-γ and IL-4 production, blood samples were stimulated with 100 μg/mL Con A for 24 h. Cultured supernatants were harvested for cytokine detection (Bender).

Ovalbumin immunization {#Sec10}
----------------------

Naive and infected mice (7 dpi) were subcutaneously immunized with 100 mg of ovalbumin (OVA; Sigma-Aldrich) emulsified in an equal volume of TiterMax adjuvant (Sigma-Aldrich). After 14 days, the animals were sacrificed and sera were collected to assess OVA-specific antibodies using the ELISA method \[[@CR27]\].

Bacteriological analysis {#Sec11}
------------------------

The anesthetized mice were washed with 70 % ethanol. Blood was collected by cardiac puncture under sterile conditions. For the determination of CFU, 100 μL blood samples were serially diluted, plated onto blood agar plates, and incubated at 37 °C for 18 h.

Western blot {#Sec12}
------------

Total proteins from B cells and T cells were extracted (Beyotime, China) and quantified using the BCA kit (Pierce, Rockford, IL). Lysates were separated on 12 % SDS--polyacrylamide gel electrophoresis and transferred to PVDF (Millipore, USA), followed by blocking in TBS/0.1 % Tween 20 with 5 % nonfat dry milk. Antibodies were used as following: rabbit anti-mouse Caspase 3 antibody (1:1000); goat anti-rabbit IgG HRP-conjugated antibody (1:2000); and mouse anti-β-actin antibody (1:1000) (Cell Signaling Technology).

Albendazole treatment {#Sec13}
---------------------

Mice were infected with *A. cantonensis*, followed by intragastric administrations of albendazole (20 mg/kg/24 h) for seven consecutive days at 7 days post-infection (dpi).

Corticosterone enzyme immunoassay {#Sec14}
---------------------------------

Blood samples were prepared at 8:00 am. Individual mice were bled within 30 s of being removed from their cage, which eliminates stress in cage-mates. Plasma was separated by using buffered citrate, and corticosterone levels were assessed by using the ELISA method (ENZO).

Blockage of glucocorticoid receptors {#Sec15}
------------------------------------

RU486 (cayman) was dissolved in sesame oil at 10 mg/mL and administered (i.p, 50 mg/kg/24 h) at 10 dpi. The respective diluents were given to the control animals at the same time.

Data analysis {#Sec16}
-------------

Data was analyzed using two-tailed Student's *t* test for the comparison between two groups. A *p* value \<0.05 was considered statistically significant. All statistical analyses were operated by GraphPad Prism software 4.0 (GraphPad Software Inc., San Diego, CA).

Results {#Sec17}
=======

*A. cantonensis* infection-induced brain inflammation of mice {#Sec18}
-------------------------------------------------------------

In this study, we orally infected mice with 20 third-stage larvae. Hemorrhages and tissue edema of the brain surface were observed macroscopically in *A. cantonensis*-infected mice at 21 dpi. Histological sections revealed that meninges thickened at 14 dpi, exhibiting severe meningitis by infiltrating a large number of inflammatory cells. However, at 21 dpi, the number of infiltrating inflammatory cells was reduced and moderate meningitis was observed (Fig. [1a](#Fig1){ref-type="fig"}). We also investigated the inflammatory mediators by determining mRNA expression of cytokines (e.g., IL-1α, TNF-α, IL-6, IFN-γ, and IL-2) and chemokines (e.g., CCL2, CCL4, CCL5, CCL11, CXCL9, and CXCL10) in the brain. At 14 and 21 dpi, we found generally high levels of expression of inflammatory cytokines and chemokines. In addition, at 21 dpi, the expression of anti-inflammatory cytokines IL-10 and TGF-β as neuroprotective factors was also increased (Fig. [1b](#Fig1){ref-type="fig"}). These results revealed that *A. cantonensis* infection caused obvious brain inflammation.Fig. 1*A. cantonensis* infection of mice induced brain inflammation. Mice were orally infected with 20 third-stage larvae and sacrificed at 0, 7, 14, and 21 dpi, respectively. Brain tissues were harvested for **a** pathology evaluated by H&E staining. **b** Brain gene expressions of inflammatory cytokines were tested by RT-PCR. Each group contained five to six mice. One of two independent experiments with similar results is shown. Values were shown as mean ± SEM. One-way ANOVA was used for statistical analysis. \*, results differed from the control group; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001

*A. cantonensis* infection led to the atrophy of lymphoid organ and lymphopenia {#Sec19}
-------------------------------------------------------------------------------

To test whether brain injury caused by *A. cantonensis* infection would affect the peripheral immune system, we evaluated spleen and thymus morphology. At 21 dpi, spleens and thymuses showed serious atrophy (Fig. [2a](#Fig2){ref-type="fig"}).Fig. 2*A. cantonensis* infection led to lymphoid organ atrophy and lymphopenia of mice at 21 dpi. **a** Images of the spleen and thymus of control and 21 dpi mice. Spleen weight and thymus weight at different time-points of infection. **b** Percentages and absolute numbers of splenic B cells, T cells, CD4^*+*^ T, and CD8^*+*^ T cells. **c** The absolute number of total B cells, T cells, CD4^*+*^ T cells, and CD8^*+*^ T cells in peripheral blood. **d** Splenic cells from control and 21 dpi mice were gated on CD3^*+*^ T cells first, followed by the analysis for Th1, Th2, and T regulatory cells. Each group of mice comprised five to six animals. Data presented is one of three independent experiments. Values were shown as mean ± SEM. A one-way ANOVA is used to test the equality of three or more means by using variances. Two-tailed *t* test was used for two samples comparison. \*, results differed from the control group; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001

To explore the underlying mechanisms of infection-caused thymus and spleen atrophy, we detected the cell subsets of spleen and peripheral blood by flow cytometry. As showed in Fig. [2b](#Fig2){ref-type="fig"}, there was a decrease in the percentage of B cells, but a significant increase in the percentage of T cells at 21 dpi compared with the controls. On further analysis of T lymphocyte subsets, the percentage of CD4^+^ and CD8^+^ T cells increased at 21 dpi compared with the controls. Furthermore, the absolute number of B cells in the spleen significantly decreased at 21 dpi. However, the absolute number of T cells, CD4^+^ T cells, and CD8^+^ T cells in the spleen only slightly declined compared to the control mice. Similar to the spleen, the absolute number of B cells, T cells, CD4^+^, and CD8^+^ T cells also decreased in white cell counts per milliliter of blood (Fig. [2c](#Fig2){ref-type="fig"}). Consistent with the previous study, a decrease in the proportion of Th1 cells was observed, while Th2 cells showed a slight increase at 21 dpi. These results suggested that the number of B cells and T cells was significantly affected by *A. cantonensis* infection.

*A. cantonensis* infection led to the impairment of immune functions of mice {#Sec20}
----------------------------------------------------------------------------

To test whether *A. cantonensis* infection was also associated with immune function alteration, we detected the proliferative ability of T lymphocytes upon stimulation with ConA. T lymphocytes from mice at 21 dpi showed a significant decrease in proliferation compared to the controls (Fig. [3a](#Fig3){ref-type="fig"}). We further examined the ConA-induced IFN-γ and IL-4 production as well as the endotoxin-induced TNF-α secretion from blood as parameters of T lymphocyte and monocyte functions, respectively. We found reduced IFN-γ but increased IL-4 production at 21 dpi, resulting in a shift from Th1 to Th2 (Fig. [3b](#Fig3){ref-type="fig"}). Furthermore, endotoxin-induced TNF-α secretion showed a significant decrease at 21 dpi (Fig. [3c](#Fig3){ref-type="fig"}). Because of the importance of antibody synthesis to bacterial clearance and host defense \[[@CR27]\], we tested antibody responses to a nonself antigen OVA. We found that the production of OVA-specific IgG1 in infected mice was dramatically reduced compared to the control which suggested that antibody synthesis was impaired in infected mice (Fig. [3d](#Fig3){ref-type="fig"}). This data indicated that infected mice exhibited impaired immune function. To further confirm this immunosuppression, we examined the histopathology of lungs and bacterial cultures from peripheral blood. At 21 dpi, histological examination of the lungs revealed typical signs of bacterial pneumonia (Fig. [3e](#Fig3){ref-type="fig"}). An increase in bacterial loads was also observed in blood at 21 dpi (Fig. [3f](#Fig3){ref-type="fig"}).Fig. 3Cellular and humoral immune function of mice is impaired after *A. cantonensis* infection. **a** *A. cantonensis* infection dampened the proliferative capability of splenocytes. Splenocytes isolated from control and infected mice (7, 14, and 21 dpi) were stimulated with or without 2.0 mg/mL of ConA for 3 days, followed by evaluation of proliferation responses. **b**, **c** Blood samples were stimulated with ConA or LPS in vitro, and supernatants were collected for IFN-γ, IL-4, and TNF-α analysis by ELISA. **d** Data is expressed as dilution curves, with replicate samples plotted over multiple dilutions. All immunizations were done from control and 7 dpi mice, and antigen-specific antibodies were evaluated at 21 dpi to allow sufficient time for maximal T and B cell interactions and subsequent antibody synthesis. **e** Lungs from control and 21 dpi mice were collected for histological examination. **f** Blood samples from control and 21 dpi mice were collected for bacteriological analysis. Data is provided in CFU/mL of blood. Each group contained five to six mice. Values were shown as mean ± SEM. A two-tailed *t* test was used for statistical analysis. \*, results differed from the control group; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001

Decline in the number of B and T cells was not caused by apoptosis {#Sec21}
------------------------------------------------------------------

To determine whether lymphopenia was caused by cell apoptosis, we performed flow cytometric analysis. Compare with controls, B cells (Fig. [4a](#Fig4){ref-type="fig"}) and T cells (Fig. [4b](#Fig4){ref-type="fig"}) from infected mice showed no increase in apoptosis. Furthermore, we measured the levels of pro-caspase-3 and active capsase-3 from B cells (Fig. [4c](#Fig4){ref-type="fig"}) and T cells (Fig. [4d](#Fig4){ref-type="fig"}). Active caspase-3 was not detected in control and infected mice, indicating that the decrease of B and T cells was not due to cell apoptosis.Fig. 4Decline in the number of B and T cells after *A. cantonensis* infection was not caused by cellular apoptosis. Splenic B (**a**) and T cells (**b**) were harvested from control and infected mice. Cellular apoptosis was examined by annexin-V/7-AAD staining. The expression of Caspase 3 from the purified B cells (**c**) and T cells (**d**) was detected by western blot. Each group contained five to nine mice. One of three independent experiments with similar results is shown. Values were shown as mean ± SEM. A one-way ANOVA is used for statistical analysis. \*, results differed from the control group; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001

*A. cantonensis* infection-induced inhibition of B cell genesis in the bone marrow (BM) and the impairment of thymocyte development of mice {#Sec22}
-------------------------------------------------------------------------------------------------------------------------------------------

Following the pro-B and pre-B cell stages, developing B cells in the BM enter the immature B cell stage and migrate to the periphery as transitional (TR) B cells. Splenic TR cells further develop into TR1, TR2, and TR3 subsets based on differential CD23 and IgM expression levels \[[@CR28]\]. Our results showed that *A. cantonensis* infection reduced splenic B cell numbers, which was not due to apoptosis. Such reductions may reflect decreased B cell genesis, a direct loss of all or some mature B cell subsets, or both. To confirm this hypothesis, we examined developmental B cell subsets in the BM (Fig. [5a](#Fig5){ref-type="fig"}) and developmental or mature B cell subsets in the spleen (Fig. [5b](#Fig5){ref-type="fig"}) during infection. At 21 dpi, among the developing B cell in BM, the proportions of pro/pre-B were significantly reduced and immature B cells were increased (Fig. [5a](#Fig5){ref-type="fig"}). Similarly, developing B cells in the spleen were also significantly reduced at 21 dpi (Fig. [5b](#Fig5){ref-type="fig"}). Among the developing B cells in the spleen, TR1 was profoundly reduced while TR2 and TR3 had increased at 21 dpi compared to control mice. The data suggested that B cell genesis ceased following infection with *A. cantonensis.* Fig. 5Inhibition of B cell genesis in the bone marrow and impairment of thymocyte development in *A. cantonensis*-infected mice. **a** Frequency of B cell progenitors in BM is reduced following infection. Developing B cells (DB) in the BM were gated on B220^+^AA4.1^+^ cells first (*upper panels*) and further analyzed for IgM^+^CD19^+^ immature (IB) and IgM^−^CD19^+^ pro-/pre-B cell (PB) populations (*lower right panels*). **b** Frequency of developing B cell in the spleen is reduced after infection. Mature B cells in the spleen were gated on B220^+^AA4.1^+^ cells. Developing B cells were gated on B220^+^AA4.1^+^ cells first (*upper panels*) and further analyzed for IgM^hi^CD23^−^ TR1, IgM^hi^CD23^+^ TR2, and IgM^lo^CD23^+^ TR3 developing B cells (*lower right panels*). **c** Proportion of thymocyte subsets in control and infected mice at 14, 16, 18, and 21 dpi. **d** Number of thymocyte subsets in control and infected mice at 14, 16, 18, and 21 dpi. **e** CD4^+^CD8^+^ T cells of thymus were investigated for apoptosis by annexin-V labeling. Each group contained four to six mice. One of three independent experiments with similar results is shown. Values were shown as mean ± SEM. A two-tailed *t* test was used for statistical analysis. \*, results differed from the control group; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001

*A. cantonensis* infection also led to a progressive shrinking of the thymus demonstrated by a reduction of mononuclear cells (Fig. [2a](#Fig2){ref-type="fig"}). Our data showed that after 16 dpi, infection led to the increase of relative proportions of CD4^−^CD8^−^, CD4^+^CD8^−^, and CD4^−^CD8^+^ populations. However, the proportion of CD4^+^CD8^+^ cells significantly decreased (Fig. [5c](#Fig5){ref-type="fig"}). On average, the number of CD4^+^CD8^+^ population underwent almost depletion at 21 dpi (Fig. [5d](#Fig5){ref-type="fig"}), which was due to apoptosis (Fig. [5e](#Fig5){ref-type="fig"}).

Brain injury caused by *A. cantonensis* infection-induced lymphopenia and HPA axis activity of mice {#Sec23}
---------------------------------------------------------------------------------------------------

To determine whether the decrease of lymphocytes was due to brain injury, we did helminthicide experiments. Mice at 7 dpi were treated with albendazole for seven consecutive days before the larvae were enriched in brain tissue. We observed that both the spleen and thymus showed no atrophy symptoms at 21 dpi (Fig. [6a](#Fig6){ref-type="fig"}). In addition, the subsets of lymphocyte, including B cells, T cells, CD4^+^, and CD8^+^ T cells, did not reduce after albendazole treatment (Fig. [6b](#Fig6){ref-type="fig"}). This data demonstrated that lymphopenia was likely caused by brain injury after infection.Fig. 6Brain injury caused by *A. cantonensis* infection-induced lymphopenia and HPA axis activity. **a** Mice were infected with *A. cantonensis* first, followed by the albendazole treatment from 7 to 14 dpi. Images of the spleen and thymus of 21 dpi mice were shown. Naïve mice were used as control. **b** Percentages of splenic B cells, T cells, CD4^+^ T, and CD8^+^ T cells in infected mice (14, 16, 18, and 21 dpi) with albendazole treatment. Naïve mice were used as control. **c** C-fos mRNA levels in the hippocampus, PVN, pituitary gland, and adrenal glands. **d** CRH mRNA levels in the PVN. **e** TH mRNA levels in the adrenal glands. **f** Serum corticosterone levels in infected mice (14, 16, 18, and 21 dpi) and control mice. **g** Glucocorticoid receptor mRNA levels in the BM from infected mice and control mice. Each group contained four to six mice. One of two independent experiments with similar results is shown. Values were shown as mean ± SEM. A two-tailed *t* test was used for statistical analysis. \*, results differed from the control group; \**P* \< 0.05; \*\*\**P* \< 0.001

As high levels of stress mediators were known to be immunosuppressive after brain injury, we questioned whether corticosteroids were necessary for infection-induced immunosuppression. Jakovcevski described the analysis of HPA activation \[[@CR29]\]. In this study, levels of c-fos mRNA (Fig. [6c](#Fig6){ref-type="fig"}) in the hippocampus, paraventricular nucleus (PVN), pituitary gland, and adrenal gland were up-regulated at 14 dpi and significantly increased at 16 dpi compared to control mice. A comparable result of corticotrophin-releasing hormone (CRH) mRNA in the PVN was also detected (Fig. [6d](#Fig6){ref-type="fig"}). At 18 and 21 days after infection, mice showed higher tyrosine hydroxylase (TH) mRNA levels in the adrenal gland compared with control groups (Fig. [6e](#Fig6){ref-type="fig"}). Levels of plasma corticosterone in infected mice had increased at 16 and 18 dpi (Fig. [6f](#Fig6){ref-type="fig"}). Subsequently, serum corticosterone levels dropped to baseline at 21 dpi. We further examined mRNA expression of glucocorticoid receptor in the BM and found that its expression had increased more than twofold at 16 dpi compared to control mice (Fig. [6g](#Fig6){ref-type="fig"}). These results strongly indicated that *A. cantonensis* infection induced the activation of HPA axis.

RU486 treatment partially reversed the ceases of B cell genesis in *A. cantonensis*-infected mice {#Sec24}
-------------------------------------------------------------------------------------------------

To assess the biological role of stress mediators in B cell genesis and thymocyte development, mice were infected with *A. cantonensis* and treated with RU486 (a steroid receptor type II antagonist) daily from 10 dpi. At 18 and 21 dpi, the number of BM pro/pre-B and immature B cells in RU486-treated mice was higher than that of control diluent-treated mice (Fig. [7a](#Fig7){ref-type="fig"}, [b](#Fig7){ref-type="fig"}). Consistently, the number of splenic developing B cells in RU486 treated mice was also higher compared to the control diluent-treated group (Fig. [7c](#Fig7){ref-type="fig"}, [d](#Fig7){ref-type="fig"}). However, RU486 treatment could not reverse the impairment of thymocyte development (Additional file [2](#MOESM2){ref-type="media"}: Figure S1). This data indicated that RU486 treatments partially reversed the cessation of B cell genesis in *A. cantonensis*-infected mice. It also supported the former results that *A. cantonensis* infection leads to HPA axis activation and the release of glucocorticoids associated with B cell output decline.Fig. 7RU486 treatment partially reversed cessation of B cell genesis in *A. cantonensis*-infected mice. Mice were infected with *A. cantonensis* first and treated with RU486 or sesame oil daily since 10 dpi until sacrificed. **a**, **b** Developing B cells in the BM were gated on B220^+^AA4.1^+^ cells first (*upper panels*) and further analyzed for IgM^+^CD19^+^ immature (IMM) and IgM^−^CD19^+^ pro-/pre-B cell populations (*lower right panels*). **c**, **d** Frequency of developing B cell in the spleen is reduced after infection. Mature B cells in the spleen were gated on B220^+^AA4.1^+^ cells. Developing B cells were gated on B220^+^AA4.1^+^ cells first (*upper panels*) and further analyzed for IgM^hi^CD23^-^ TR1, IgMhiCD23^+^ TR2, and IgM^lo^CD23^+^ TR3 developing B cells (*lower right panels*). Each group contained four to six mice. One of two independent experiments with similar results is shown. Values were shown as mean ± SEM. A two-tailed *t* test was used for statistical analysis. \*, results differed from the control group; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. \#, results differed from the infected and treated with sesame oil group; ^\#^ *P* \< 0.05; ^\#\#^ *P* \< 0.01; ^\#\#\#^ *P* \< 0.001

Discussion {#Sec25}
==========

*A. cantonensis* causes severe neuropathological damages by invading and developing in brain tissue. Nonpermissive hosts (e.g., humans and mice) with *A. cantonensis* infection suffered more serious injuries and provoked more intense inflammatory responses compared to infected permissive hosts (e.g., rats) \[[@CR10]\]. Brain injury not only damages brain tissues but also harms the peripheral immune system, resulting in severe systemic immunosuppression \[[@CR30]\]. In addition, the secondary infection resulted from immunosuppression is a leading cause of death after brain injury \[[@CR16], [@CR31]\]. Taking this into consideration, we questioned whether the brain injury caused by *A. cantonensis* infection would influence immune system. We verified this hypothesis in the current study on *A. cantonensis* infection models of mice. Through the study, we showed the emergence of progressive atrophy of the thymus and spleen, as well as the reduced number and function of lymphocyte subsets. However, the decrease of lymphocytes was not attributable to cell apoptosis. Furthermore, we observed the activation of the hypothalamic-pituitary-adrenal axis that contacts central nervous system and immune system. We verified that the end products of HPA axis glucocorticoids promoted immune suppression.

In *A. cantonensis*-infected mice, larvae were first detected in cranial cavity at 10 dpi, and the highest number of larvae was found at 16 dpi. Damages including cavities and inflammation were found in the brain parenchyma by histological examination \[[@CR32]\]. Consistently, we found that the number of infiltrating inflammatory cells increased at 14 dpi (Fig. [1a](#Fig1){ref-type="fig"}), while reducing at 21 dpi. Besides, the number of peripheral mononuclear cells had been sharply reduced at 21 dpi, leading to a reduction of cells entering the brain tissue. After we found immunosuppression at 21 dpi when the brain was damaged by parasites invasion, we questioned whether there was a relation between immunosuppression and brain injury. We designed a helminthicide experiment using albendazole from 7 to 14 dpi to deter the entry of larvae to the brain. We found that there were no immunosuppression symptoms including lymphopenia and lymphoid organ atrophy. This data suggested that the inhibition of immune responses was likely caused by parasite migration-based brain injury.

Previous studies showed that brain injury could lead to systemic down-regulation of innate and adaptive immunity. Prass demonstrated that cell apoptosis contributed to rapid and extensive loss of all lymphocyte subsets in lymphoid organs and peripheral blood after stroke \[[@CR16]\]. However, our study showed no increase of apoptosis in B and T cells after *A. cantonensis* infection. Furthermore, the expression of chemokines (CCL2, CCL4, CCL5, CXCL9, CXCL10, and CCL11) and proinflammatory cytokines (IL-1, IL-6, and TNF-α) increased since 14 dpi. Chemokines could promote adhesion molecule expression by vascular endothelial cells. These cells further aggravate brain injury by allowing the infiltration of blood neutrophils, monocytes, macrophages, eosinophil, and T cells \[[@CR33]\]. IL-1, IL-6, and TNF-α, which mainly come from activated microglial cells in the damaged brain, are commonly associated with HPA axis and sympathetic nervous system activation \[[@CR19]--[@CR22]\]. In this study, we observed that levels of mRNA for c-fos in the hippocampus, PVN, pituitary gland, and adrenal gland have increased at 14 dpi. Serum corticosterone concentrations were also markedly increased after 16 dpi. These results indicated that HPA axis activation might be associated to the decrease of lymphocytes after infection.

Stress hormones could both inhibit B lymphopoiesis and favor myelopoiesis, and they are elevated during acute injury \[[@CR24], [@CR27]\]. Subcutaneous implantation of corticosterone pellets into wild-type mice results in the alteration of B cell development in the bone marrow \[[@CR34]\]. Reduction of B lymphopoiesis is associated with the increase of proinflammatory cytokine, such as TNF-α and IL-1, at the site of brain injury \[[@CR35]--[@CR37]\]. It has been speculated that both inflammatory cytokines and stress hormones impact B lymphopoiesis during injury \[[@CR28]\]. These findings led us to ponder the role of corticosterone in inducing B cell development alteration after *A. cantonensis* infection. In this study, we observed that the proportion of B cell progenitors in BM had significantly decreased at 14 dpi compared to controls, and mature B cells in the spleen decreased at 21 dpi. Detailed research of developing B cell subsets in the spleen (TR1, TR2, and TR3) showed that TR1 was profoundly reduced, suggesting that B cell genesis ceases after *A. cantonensis* infection*.* Therefore, B cell genesis cessation contributes substantially to initial splenic B cell losses. Importantly, glucocorticoid receptor blocker RU486 administration to infected mice could partially reverse the alteration of B cell development in the bone marrow. Although the reconstitution of bone marrow B cell numbers is statistically significant, the magnitude of the increase is very small, and is likely to get limited major biological significance. However, these observations still demonstrated that corticosterone plays a role in the alteration of B cell development in *A. cantonensis* infection.

A common feature of variety of acute infections is severe atrophy of the thymus, largely reflecting intense lymphocyte depletion, particularly of cortical thymocytes which bear the CD4^+^CD8^+^ phenotype \[[@CR38]\]. The thymic atrophy mechanism induced by *T. cruzi* or *M. avium* infection shows the increased thymocyte apoptosis due to glucocorticoid production \[[@CR25], [@CR39], [@CR40]\]. In this study, we demonstrated that although the number of all cell populations decreased dramatically after infection, the most significant effect is on the immature CD4^+^CD8^+^ thymocyte population caused by apoptosis. When thymic atrophy and peripheral lymphopenia occur, the reconstitution of the immune system mainly depends upon the thymus to recover its ability to generate new T cells \[[@CR41], [@CR42]\]. To determine whether glucocorticoid increase would affect thymocyte numbers, we performed an in vivo functional assay using RU486. It was found that RU486 did not prevent thymocyte depletion following *A. cantonensis* infection*,* and the increase of apoptosis is just one of the mechanisms leading to thymic atrophy. The precise mechanisms responsible for thymic atrophy seen after *A. cantonensis* infection need further study.

The major clinical feature of *A.cantonensis* infection in human beings refers primarily to eosinophilic meningoencephalitis. Clinical symptoms appeared in patients on 7--35 dpi \[[@CR43]\]. *A. cantonensis* infection of the human CNS could have devastating consequences. Severely affected patients may suffer from encephalitis, permanent neurologic injury, or even death \[[@CR44]\]. Currently, albendazole is the drug of choice to treat *Angiostrongyliasis*. Dead worm lysis causes severe inflammatory response and can be expected to result in further damage of the CNS \[[@CR45]\]. Therefore, patients under the treatment of high-dose corticosteroids would experience immune suppression. In addition, our data demonstrated that HPA axis activation contributes to the immunosuppression of infected mice, which especially increases the risk of bacterial infection in the lung. To our knowledge, this is the first report of an *A. cantonensis*-infected model with mediated immunosuppression. This model will be useful to further investigate the neuroimmunological mechanisms contributing to immunosuppression and to evaluate novel therapeutic approaches to prevent or reverse immunosuppression and its infectious complications.

Conclusions {#Sec26}
===========

In summary, our study evidenced that the brain injury caused by *A. cantonensis* infection provides a powerful negative signal to the peripheral immune system. It ultimately induced a drastic state of immunosuppression and enhanced the risk of secondary infection. Our study suggested that clinicians should pay more attention to immunosuppression caused by *A. cantonensis* infection.
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Additional file 1: Table S1.PCR primers used in this study. (DOC 41 kb) Additional file 2: Figure S1.RU486 treatment did not reverse impairment of thymocyte development in *A. cantonensis*-infected mice. Mice were infected with *A. cantonensis* first and treated with RU486 daily since 10 dpi until sacrificed. Proportion of thymocyte subsets was detected. Each group contained 4--6 mice. Values were shown as mean ± SEM. A two-tailed *t* test was used for statistical analysis. \*, results differed from the control group; \*\**P* \< 0.01; \*\*\**P* \< 0.001. (PDF 165 kb)

*A. cantonensis*

:   *Angiostrongylus cantonensis*

BM

:   Bone marrow

CNS

:   Central nervous system

CRH

:   Corticotrophin releasing hormone

DB

:   Developing B cells

HPA axis

:   Hypothalamic-pituitary-adrenal axis

IB

:   Immature B cells

IFN-γ

:   Interferon-gamma

PB

:   Pro-/pre-B cell

PMA

:   Phorbol myristate acetate

PVN

:   Paraventricular nucleus

SDS

:   Sodium dodecylsulfate

Th

:   Help T cell

TH

:   Tyrosine hydroxylase
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